Abstract The electrical and mechanical characteristics of the wire-to-plate surface dielectric barrier discharge and the induced ionic wind are investigated experimentally. The different temporal behaviors in positive and negative half-cycles are studied by time-resolved images. It is shown that the discharge and the light emission are generally stronger in the positive half cycle. The discharge is inhomogeneous and propagates in streamer mode; however, in the negative half-cycle, the discharge appears visually uniformly and operates in the diffuse mode. The surface discharge can produce ionic wind about several m/s above the dielectric surface. There exists an optimal width of the grounded electrode to produce a larger plasma area or active wind region. Increasing of the applied voltage or normalized dielectric constant leads to a larger wind velocity. The performance of ionic wind on flow control is visualized by employing a smoke stream.
Introduction
Ionic wind during discharges is a kind of electrohydrodynamic (EHD) flow induced by momentum transfer from charged particles to neutral molecules. Benefited from non-moving components, fast response time, noiselessness and lower maintenance requirements, ionic wind has shown great potential in improving boundary layer hydrodynamics in aeronautics [1, 2] . Significant efforts have been made on the flow control by discharge plasmas. Most actuators are designed in configuration of surface discharge, which typically uses two electrodes on the same or each side of a dielectric plate [3, 4] . The ionic wind induced by these discharges has a velocity of a few meters per second [5−8] . From one of the fundamental perspectives, Boeuf et al. [9−11] studied the plasma dynamics in plate-to-plate surface dielectric barrier discharge (SDBD) by two-dimensional fluid modeling, containing the ion density contribution and the EHD force generated during current pulses. These are the prime steps towards detailed and quantitative understanding of the possibility and limitations of SDBD on flow control. Plenty of numerical and experimental researches have been done aiming at the origin of the EHD force [12, 13] , while more others are focused on the characteristics of the ionic wind [14−16] . Wired-electrodes are also used to manipulate the airflow, showing a quite different behavior and stronger wind [11,17−19] . In series works of Benard et al. [20, 21] and Jolibois et al. [22] , EHD characterizations were systematically investigated under the surface discharge configuration. They showed that the discharge process is different in a negative and/or positive half-cycle, which causes the fluctuation of ionic wind velocity in two half-cycles. However, the characteristics of ionic wind as well as the discharge mechanism are still unclear, and this continues to stimulate research enthusiasm in recent years.
In this paper, we present the investigation on wireto-plate SDBD for flow control. The spatio-temporal development of the discharge in a positive and negative half-cycle is analyzed based on the current waveform and time-resolved discharge images. The velocity and spatial distribution of ionic wind are studied under different discharge parameters including dielectric barrier material and thickness, applied voltage, electrode gap and length. The aerodynamic effect of SDBD on the flow control is also visually shown by an external smoke stream. The aim is to provide better understanding of the wire-to-plate surface discharge process and improve the application in flow control.
Experimental setup
The actuator and experimental setup are schematically shown in Fig. 1 . The set of the coordinate system is also noted and the upstream edge of the ground electrode locates at the zero point. The wire-to-plate discharge operates in ambient air between a wire electrode on one side of the dielectric plate and a thin aluminum foil electrode mounted on the other side. The stainless wire is 100 µm in diameter and connected to a sinusoidal high-voltage power supply at 30 kHz. The foil electrode is grounded through a sampling non-inductive resistance of R = 2 kΩ. The grounded electrode has variable width L from 2 mm to 20 mm. Two electrode gaps of d = 5 mm or 2 mm are investigated. Different dielectric plates, including quartz, Polymethyl Methacrylate (PMMA) and glass with dielectric constants of ε r = 4.0, 3.7 and 7.0, respectively, are tested in the experiment. The applied voltage (peak-to-peak voltage U pp ) is measured by using a digital Oscilloscope (Tektronix DPO-4104B) through a high voltage probe (Tektronix P6015A), and the total current I is determined by the voltage drop across the sampling resistor R, monitored through a voltage probe (Tektronix TPP1000), or I = I R = U R /R. The time-resolved images of SDBD are recorded by a high speed intensified charge-coupled device camera (ICCD, Andor iStar, DH734). The ionic wind velocity is directly measured by an Anemometer (YC-100PA) through a quartz-made Pitot tube (with a 0.5 mm entrance diameter section). A CCD camera (Canon 550D) is used to record the time-integrated images of the smoke stream for the aerodynamic effect of ionic wind. Around the inception voltage discharge turns on and a series of corona dots appear on the wire electrode in each half-cycle (see Fig. 2(a) ). The pulses in a positive half-cycle have a larger amplitude (about 3.3 mA), while the discharge current in a negative half-cycle is characterized by numerous smaller pulses. At a voltage of 10 kV, the luminance becomes visually uniform along the wire (see Fig. 2(b) ). The current waveform consists of random pulses in each half-cycle. The maximal amplitude in a positive half-cycle is about twice of a negative half-cycle, reaching 4.8 mA. At higher voltage, the discharge develops toward the ground electrode along the dielectric surface (see Fig. 2 (c) at U pp = 15 kV and Fig. 2 (d) at U pp = 20 kV). The current pulses in the negative half-cycle have an amplitude of more than 10 mA. The discharge images become different in the two half cycles. In the positive half-cycle the surface discharge propagates in streamer mode, while in the negative half-cycle the discharge is homogeneous glow-like or diffuse mode from the time-integrated image. As voltage is increasing, the discharge plasmas occupy the electrode gap and exceed the upstream edge of the grounded electrode. At very high voltage, the discharge becomes unsteady. Some bright channels appear during the positive half-cycle (see Fig. 2(d) ).
The difference of the discharge process in the two half-cycles can be seen clearly from the time-resolved ICCD images, as shown in Fig. 3 for U pp = 15 kV. The images are integrated over 50 cycles with an exposure time of 200 ns. Each frame corresponds to the time noted as an opened star in the waveform of Fig. 2(c) . Fig. 3 (a)-(g) depict the discharge development in the negative half-cycle, and (h)-(n) for the positive. The letters "W" and "G" in Fig. 3 (a) denote the wire electrode and the upstream edge of the grounded electrode.
In the negative half-cycle, the discharge firstly occurs near the wire electrode (see Fig. 3 (a) at t = 1.04 µs), then expands toward the ground electrode as the current rising, occupying the whole electrode gap (see Fig. 3 (c) at t = 3.52 µs). The discharge is visually uniform. The strongest emission intensity appears at t = 4.78 µs (see Fig. 3(d) ) when the current reaches maximum. The plasma exceeds as long as 3.8 mm to the upstream edge of the grounded electrode. Thereafter the discharge extinguishes gradually (see Fig. 3 
(e)-(g)).
During the positive half-cycle, however, the discharge is filamentary. At the beginning, the discharge occurs only near the wire. The luminance becomes stronger gradually at increasing pulse amplitude (see Fig. 3 (h)-(i)), and filaments develop from the vicinity of the wire (see Fig. 3 (j) at t = 19.60 µs). In Fig. 3(k) , the filamentary streamers are much more intensive when reaching the grounded electrode, corresponding to a series of highest positive peaks around t = 20.84 µs. The total light emission of surface discharge is much stronger than that in the negative half-cycle, but behaves non-uniformly. Thereafter, the discharge extinguishes gradually.
When the voltage is low, the discharge in both halfcycles initially performs as a corona discharge and occurs around the wire where the electric field is the strongest. As the voltage is increasing, the difference is brought out between the negative and positive halfcycle. This was also observed previously in other configurations by several groups [18, 19, 21] , but is more obvious in the present configuration. Although the discharge actually consists of numerous filaments which are random in time and space in one cycle, the time-resolved ICCD images, averaged over a few cycles as shown in Fig. 3 , help to clarify the discharge process in each half-cycle. The figure reveals clearly that the SDBD develops in diffuse mode in the negative half-cycle but in streamer mode in the positive.
This different discharge is primarily governed by the asymmetry of the local electric field in the SDBD configuration. During the negative half-cycle, electrons are accelerated downstream from the place with a stronger electric field to that with a lower one. As the grounded electrode cannot be reached directly due to the dielectric layer, they will accumulate on the plate forming the surface charges [19, 23] . While in a positive half-cycle, electrons move reversely with increasing field and positive ions are left in the local position. It has been reported that the effective ionization coefficient (α−η)/N (where α/N is the ionization coefficients and η/N is the attachment coefficients, respectively) is greater than the equilibrium values for the decreasing field, and vice versa for the increasing field [24, 25] . Consequently, the electron multiplication exp( [α(E) − η(E)]dx) can be sustained in a larger area and the discharge develops in the diffuse mode in the negative half-cycle. While in the positive half-cycle, the micro-discharges will firstly take place at random points, be extinguished by the shielding effect of the charges, and then occur at other places alternatively. Thus during the positive period the discharge develops in inhomogeneous streamer mode.
The electrode gap d influences the discharge. The discharge becomes more intense when the gap reduces to d = 2 mm. However, at this short gap, the discharge becomes unstable, especially at high voltages.
The grounded electrode width also influences the discharge. When the electrode width increases from L = 2 mm to 20 mm, the plasma occupies an area as long as 8.8 mm, enlarged about 1.5 times, as shown in Fig. 4 for an electrode gap of 5 mm; however, the inception voltage U c remains around 7 kV, and the discharge develops in a similar morphology. Further increasing the width of the grounded electrode, the plasma area does not change any more. 
Ionic wind velocity
After the discharge is initiated, ionic wind is produced above the dielectric surface. The measured velocity v x is shown in Fig. 5 for electrode gap d = 5 mm and 2 mm. The velocity was measured at 0.4 mm above the plate and 1.0 mm upstream from the edge of the ground electrode (i.e. x = −1.0 mm and z= 0.4 mm in our coordinate system).
Fig.5 The horizontal velocity of ionic wind at increasing voltage
As seen, the velocity is of the order of 0-8 m/s and increases approximately quadratically with the applied voltage U pp for both gaps. This is in agreement with previous works although the actuator design and the electrical parameters are different [26, 27] . A wider electrode gap leads to a decrease of the ionic wind at the same voltage. For example, the wind velocity is 5.0 m/s at U pp = 20 kV for an electrode gap of d = 2 mm, but reduces to 3.8 m/s for d = 5 mm.
The ionic wind by the present actuator has the same order but is a little larger than that in the typical plateto-plate SDBD [6−8] whose ionic wind is generally 1-5 m/s under the same voltages. The enhancement can be qualitatively explained from the discharge mechanism as follows.
During discharge, charged particles motivated by electric field transfer momentum to neutral molecules, inducing the ionic wind. A simplified expression of this EHD force in unit volume can be given as [9, 28] :
, (1) where ρ is the charge density, E is the electric field, D is the diffusion coefficient, µ is the mobility and v is the gas velocity. The subscript i and e represent ions and electrons. The terms on the right relate to the drift by electric field (conduction), diffusion and convection due to gas flow, respectively. Considering the predominant contribution of the conduction term, Eq. (1) can be written approximately as:
where ρ net is the net charge density. The EHD force in surface discharge predominantly comes from the nonneutral region where the ion density is much larger than the electron's [9] , such as the cathode sheath or the head of a positive streamer. In these cases, the force simplifies to
where J i represents the ionic current. The ionic wind velocity v around the discharge and EHD force in unit volume f are linked by:
where F is the total EHD force, p is the wind pressure (i.e. p = 1 2 ρv 2 and ρ is the air density). Then the wind velocity is approximately deduced as:
This qualitative expression shows that the wind velocity is mainly determined by the charges density and the electric field. Actually, the present SDBD develops differently in each half-cycle due to the asymmetry effect. The instantaneous wind velocity should fluctuate with time, but here we limit our work on the estimation of the time-averaged velocity. It should follow the tendency that the averaged velocity increases with the electric field. In the present SDBD configuration, the electric field is more intense in the gap where the ionic wind is generated [18, 19] . Therefore, the ionic wind is strengthened compared with that in plate-to-plate actuators.
The dielectric layer also influences the ionic wind. The measured wind velocity (at x = −1.0 mm and z = 0.4 mm) is shown in Fig. 6 for various dielectric materials and layer thicknesses e. The discharge gap is d = 5 mm and the other discharge parameters remain unchanged. It is seen that the velocity increases with the normalized dielectric constant (or ε/e). A larger dielectric constant implies an enhancement in the effective capacitance of the actuator and hence the electric field [27] . As a result, larger current density and stronger ionic wind are produced. 
Wind distribution profiles
The velocity distribution along the span-wise direction (y-direction) is plotted in Fig. 7 under different voltages. For electrode gap d = 5 mm, the shape of the profile changes little when the applied voltage rises from 15 kV to 20 kV. The wind is nearly uniform along the span-wise direction while being slightly larger in the middle. Actually, the wind velocity in the center is only 20% larger than the other positions. It implies that the ionic wind is almost independent of the length of the discharge. Thus, the active area of this actuator can easily be enlarged by simply increasing the electrode length. On the other hand, fluctuation appears on the distribution for smaller electrode gap d = 2 mm under high voltage, as shown Fig. 7(b) at U pp = 20 kV. This relates to the unsteady discharge condition mentioned in section 3.1. The discharge is strongly enhanced at the points where a fixed channel appears, thus leading to the non-uniformity of ionic wind. In the present experiment, the non-uniformity results in a velocity fluctuation of about 10%. Fig. 8 shows the longitudinal distribution (along the z-direction) of the ionic wind at various applied voltages for different electrode gaps. Again, the surface discharge induces an ionic wind of several m/s over the dielectric surface. The velocity reaches maximum at 0.3-0.5 mm above the plate and then decreases gradually far from the surface. Close to the surface, the wind is also decelerated due to the wall friction. This is in accordance with the previous results of other groups [2, 13, 25] . In this study, the active region of the ionic wind is about several mm. For instance, the velocity changes from 3.1 m/s at z = 0.4 mm above the wall to 0.7 m/s at z = 2.2 mm with U pp = 18 kV and d = 5 mm. Moreover, the shape of the wind profile is independent on the varying electrode gap or the applied voltage. Fig. 10 shows the velocity profiles at smaller electrode width L=2 mm. As seen, the maximal velocity of the wind is nearly the same as that under L=20 mm, but the active region of the ionic wind (where) decreases greatly. Therefore, the width of the ground electrode should be large enough to improve the active region. Without discharge, the smoke stream flows toward the wire electrode and then separates from the dielectric plate (see Fig. 11(a) ). Obvious wake and turbulence are produced. Downstream of the wire electrode, the smoke spreads over and pervades into the ambient space.
When the SDBD is turned on, the smoke flow is modified significantly (see Fig. 11(b) ). As expected, the smoke stream is reattached to the plate without turbulence. The smoke stream concentrates within 3 mm upon the plate and flows smoothly along the surface. Fig. 12 shows the distribution of velocity difference ∆v = v 2 − v 1 (where v 2 is the velocity of the airflow with the discharge and v 1 is the velocity without the discharge. As seen, the airflow above the plate is accelerated by the ionic wind and the turbulence within at least 3 mm above the plate has been reduced. The result indicates that the ionic wind induced by the wireto-plate SDBD performs well on manipulating the airflows. Fig.12 The profiles of the velocity difference ∆v = v2 −v1, where v2 is the velocity of the airflow with discharge and v1 is that without discharge.
Conclusion
The wire-to-plate SDBD and the induced ionic wind are investigated experimentally. The spatio-temporal development of surface discharge is analyzed in the two half-cycles. The velocity of induced ionic wind is measured and its distribution profiles are given. The results are summarized as follows.
a. The surface discharge behaves differently in the two half-cycles. During the positive half-cycle, the discharge is filamentary and in higher pulsed current. However, in the negative half-cycle, the discharge develops nearly uniformly in diffuse mode.
b. The plasma area (or active wind area) increases with the width of the grounded electrode and then tends to constant. The maximum width can reach 8.8 mm at the electrode width of 20 mm or above.
c. An ionic wind of about 6 m/s can be realized in the present SDBD. The velocity increases with the applied voltage and normalized dielectric constant of the plate, but decreases with the electrode gap. The velocity reaches maximum at 0.3-0.5 mm above the plate and then decreases gradually away from the surface, but the distribution profile is independent on the varying electrode gap and the applied voltage.
d. The ionic wind modifies the flow in the active area and reduces the turbulence at least 3 mm over the plate. It can make the airflow reattach to the plate. An effective flow control actuator can be realized by using this wire-to-plate SDBD under the optimal electrode gap and grounded-electrode width.
